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Virus assemblyThe capsids of single-stranded RNA bacteriophages show remarkable structural similarity. In an attempt to
test whether the coat protein (CP) from one bacteriophage could substitute for the CP of another and form
mixed particles, we reassembled capsids in vitro from a mixture of different RNA phage CP dimers together
with E. coli ribosomal RNA. Surprisingly, mixing CPs from phages belonging to groups I and II led to
appearance of rod-like particles along with icosahedral spherical capsids, both containing a mixture of the
two CPs. Rods and mixed spherical capsids containing host RNA were also obtained in vivo in bacteria
expressing simultaneously fr and GA CPs. In a co-infection of the two phages, however, only authentic fr and
GA virions were formed. Coat protein mutants in the FG loop were unable to assemble into rods, suggesting
that these loops are involved in the formation of the aberrant particles.
© 2009 Elsevier Inc. All rights reserved.Introduction
RNA bacteriophages belonging to the Leviviridae family are small
viruses infecting several genera of Gram-negative bacteria, including
Enterobacteria, Pseudomonas, Acinetobacter and Caulobacter. Depend-
ing on their physical and immunological properties, the phages
infecting Escherichia coli have been divided into four groups denoted I
to IV (Fiers, 1979). Groups I and II are related and belong to the
Levivirus genus; phages from groups III and IV are also closely similar
and are assigned to the Allolevivirus genus. The best-known
representatives are phages MS2, R17 and fr from group I, GA from
group II, Qβ from group III and SP from group IV.
The native virus particle contains one positive-sense single-
stranded RNAmolecule, which is enclosed in a capsid with a diameter
of about 28 nm. The genomic RNA of leviviruses is approximately 3500
nucleotides long and encodes only four proteins: coat protein (CP),
lysis protein, maturation protein and a subunit of the viral replicase,
an RNA-dependent RNA polymerase (for a review, see van Duin,1988).
The capsid is built up of 180 coat protein molecules, which are
assembled in a T=3 quasi-equivalent icosahedral lattice. Each virion
also contains a single copy of the maturation protein, which is
essential for the attachment of the phage to bacterial pilus and
successful infection. Unlike group I and II phages, alloleviviruses form
mosaic particles by incorporating a few copies of C-terminally
prolonged coat protein molecules into their capsids through suppres-
sion of termination (Weiner and Weber, 1971).ks).
ll rights reserved.Besides its structural role, the coat protein also functions as a
speciﬁc RNA binding protein that recognizes a stem–loop structure
(often denoted an operator) at the very beginning of the replicase
gene (Bernardi and Spahr, 1972). Binding of coat protein to this
structure effectively represses the synthesis of replicase and is also
believed to be a packaging signal that initiates the assembly of the
capsid and ensures selective encapsidation of phage RNA (Beckett and
Uhlenbeck, 1988; Hohn, 1969b). The coat protein is capable of
assembling into phage-like particles in vitro when mixed with the
genomic RNA of the phage or unspeciﬁc RNAs of different lengths
(Hohn, 1969a). However, the presence of an operator lowers the
concentration requirements for capsid assembly (Beckett et al., 1988).
The coat protein genes from numerous RNA phages have been
reverse-transcribed, cloned and expressed in Escherichia coli, leading
to assembly of virus-like particles (VLPs) without the need for any
other viral components. This way, high yields of VLPs have been
produced from MS2 (Kastelein et al., 1983; Peabody, 1990), fr
(Kozlovskaya et al., 1986), GA (Lim et al., 1994) and Qβ (Kozlovska
et al., 1993) coat proteins. Such VLPs encapsulate intracellular RNA
(Pickett and Peabody, 1993), but are morphologically and immuno-
logically indistinguishable from native phages.
High-resolution three-dimensional structures of MS2 (Valegård et
al., 1990; Golmohammadi et al., 1993), fr (Liljas et al., 1994), GA (Tars
et al., 1997) and Qβ (Golmohammadi et al., 1996) capsids have been
determined by X-ray crystallography. The obtained structures proved
to be very similar, particularly for the phages from groups I and II.
Despite the remarkable differences in their amino acid sequences, all
Leviviridae coat proteins share a very similar fold comprising an N-
terminal hairpin-like motif, followed by a ﬁve-stranded anti-parallel
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are found in three slightly different conformations denoted A, B and C.
The main conformational differences between them are found in the
FG loop, a ﬂexible region connecting β-strands F and G. In levivirus
capsids, the FG loops of A and C subunits are in an extended
conformation and form contacts around threefold axes, whereas in B
monomers they are bent back towards the neighboring B monomer,
forming interactions around ﬁvefold axes. The crystal structures also
revealed very strong interactions between two CPmolecules, showing
dimers to be the essential structural elements of the capsid. The
assembled particle consists of 60 coat protein dimers in AB
conformation and 30 in CC conformation.
To better understand the structural and sequence determinants of
capsid assembly among the structurally highly conserved RNA phages,
we attempted to produce mixed VLPs from different phage coat
proteins. We report here on the two different structures we obtained
from group I and II phage CPs: spherical capsids and rod-like particles,
which both contained a mixture of the respective CPs.
Results
Assembly of mixed RNA phage capsids in vitro
In this work we have extensively used in vitro methods to study
the assembly of RNA phage capsids. The main advantage of the in
vitro approach is the ability to use precise amounts of the involved
components and to perform the experiments in highly controllable
and reproducible conditions. A typical reassembly experiment
involves dissociation of puriﬁed capsids, separation of coat proteins
from the initial nucleic acid content of the capsids, and reassembly of
particles by incubating the puriﬁed CPs in the presence of RNA. After
dissociation of the particles with 7 M urea, the coat proteins of all
RNA phages in our study were in a dimeric form, which was ratherFig. 1. Electron micrographs of the mixed particles. In vitro reconstructed particles frommixt
expressing both fr and GA coat proteins. (D) Complete and aberrant rod-like particles found i
end; (b) “oversized” caps and caps attached to only one side of the tube; (c) a rod-like parunsurprising due to the very strong interactions that exist between
the CP monomers. Since it is known that in order to assemble into
capsids, RNA phage coat proteins are dispensable of their cognate
genomic RNA (Hohn, 1969a; Pickett and Peabody, 1993), we used
E. coli total rRNA as a model of unspeciﬁc RNA that can readily
initiate capsid assembly. In this way, we succeeded in reconstructing
MS2, fr, GA and Qβ capsids from mixtures of the respective coat
protein dimers and rRNA. The reassembled particles were morpho-
logically indistinguishable from phages or in vivo produced recombi-
nant capsids when examined by electron microscopy (EM).
In order to see whether it is possible to produce mixed particles
from different RNA phage coat proteins, we performed a series of
capsid reassembly experiments with the CP from phage fr, a group I
representative, which was mixed with the highly homologous MS2
CP from group I, GA CP from related group II or evolutionary more
distant Qβ CP from group III. After capsid reconstruction, EM
pictures of the reassembly mixtures showed spherical particles of
normal size for the reassembly of fr CP with MS2 CP (Fig. 1A) and fr
CP with Qβ CP, but, surprisingly, rod-shaped particles were found in
addition to spherical ones when fr CP was reassembled together
with GA CP (Fig. 1B). To learn whether this was a more common
phenomenon found when reassembling CPs from groups I and II, we
set up another reassembly reaction with a mixture of MS2 and GA
CPs. EM analysis revealed rod-like structures in this case as well,
morphologically identical to those produced from fr and GA CPs. As
can be seen from Fig. 2, particles reassembled from the mixture of fr
and MS2 CPs have electrophoretic mobility intermediate to that of
MS2 and fr, suggesting the formation of mixed capsids, whereas in
the case of fr and Qβ, two distinct bands can be seen, indicating an
independent assembly of two separate types of particles. In the two
cases where GA CP was mixed with either MS2 or fr CP, broad and
diffuse bands were observed due to the length-distribution of rod-
like particles.ures of (A) fr and MS2 and (B) fr and GA coat proteins. (C) Lysozyme lysate of E. coli cells
n reassembly reactions of fr and GA CPs: (a) a rod-like particle with a completely capped
ticle with an open end; (d) separated cap; (e) bent and L-shaped tubules. Bar, 100 nm.
Fig. 2. Electrophoretic movement of the in vitro assembled particles in agarose gel. The
different isoelectric points of phage coat proteins cause the capsids to migrate
differently in the TAE buffer system, making this a convenient method of analyzing the
coat protein content of the particles. Wild-type GA (lane 1), Qβ (lane 2), fr (lane 3) and
MS2 (lane 4) capsids are compared to the in vitro reconstructed particles from fr and
MS2 (lane 5), fr and GA (lane 6), MS2 and GA (lane 7) and fr and Qβ (lane 8) coat
protein mixtures. The recombinant wild-type capsids produced in E. coli and those
obtained by reassembling coat protein together with rRNAmigrate identically in the gel
(not shown).
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We proceeded to study the formation of rod-like particles in more
detail by testing the effects of different fr and GA CP ratios in reactionFig. 3. Characterization of the in vitro reassembled particles. (A) Electronmicrographs of the r
Sepharose 4B column. The three peaks correspond to the rod-like particles (1), spherical part
of the rod-like particles and mixed spherical capsids when different ratios of fr and GA c
λ=280 nm of peak fractions corresponding to rods (peak 1) and spherical capsids (peak 2)
coat proteins in agarose gel. Recombinant wild-type fr and GA capsids are used as controls; pG
E. coli. (E) Analysis of rod-like particles and mixed spherical capsids in SDS-polyacrylamide
protein ratios in the reassembly reactions.mixtures. Both CPs weremixed in molar ratios 9:1, 2:1, 1:1, 1:2 and 1:9
and examined under EM after reassembly. Mixtures of rod-like
particles and spherical capsids were obtained for all ratios except for
the ratio of fr to GA CP of 1:9, where only spherical particles were
detected (Fig. 3A). Interestingly, the highest yield and length of the
rod-like particles was obtained at a ratio of fr to GA CP of 2:1.
Evidently, the geometric constrains imposed by the tubular structure
were not equivalently fulﬁlled by the two CPs, and an excess of fr CP
seemed to favor the assembly of rods.
To further characterize the effect of the CP molar ratios on the
reassembly and the relative incorporation of CPs into rods or spherical
particles, we performed another series of reassembly experiments.
Seven experiments were carried out, using fr and GA CPs in molar
ratios 9:1, 8:2, 7:3, 6:4, 5:5, 3:7 and 1:9. The reactions were also
carried out on a larger scale, to allow for the puriﬁcation of the
particles. To separate the spherical particles from rods, the reaction
mixtures after reassembly were fractionated by gel ﬁltration. The
elution proﬁle revealed three characteristic peaks, corresponding to
rods, spherical capsids and residual lowmolecular weight material not
incorporated into the particles (Fig. 3B).
Here again, excess of fr over GA CP unequivocally favored the
assembly of rods, as the proportion of rods over the spherical particles
at fr to GA CP ratio of 7:3 was more than twice that at 3:7 (Fig. 3C).eactionmixtures after reassembly. (B) Separation of rod-like and spherical particles on a
icles (2) and lowmolecular weightmaterial not incorporated into particles (3). (C) Yield
oat proteins in the reassembly reactions are used. For each ratio, optical densities at
are shown. (D) Electrophoretic mobility of the spherical mixed particles from fr and GA
Afr denotes puriﬁedmixed capsids produced by co-expressing fr and GA coat proteins in
gel. Wherever present, the proportions used in legends represent initial fr to GA coat
Fig. 4. Analysis of phage lysates from mixed infections in agarose gel. Multiplicities of
infection (MOI) are given as a ratio of MOIfr to either MOIGA or MOIMS2.
Fig. 5. Thermal stability of the mixed particles from fr and GA coat proteins. (A) Wild-
type recombinant fr capsids at room temperature (lane 1) and heated at 62°, 64°, 66°
and 68 °C (lanes 2–5); recombinant mixed capsids from fr and GA coat proteins at room
temperature (lane 6) and heated at 54°, 56°, 58° and 60 °C (lanes 7–10); wild-type
recombinant GA capsids at room temperature (lane 11) and heated at 64°, 66°, 68° and
70 °C (lanes 12–15). (B) Rod-like particles at room temperature (lane 1) and heated at
36°, 40°,42°, 44°, 46°, 48°, 50°, 60°, 62°, 64° and 66 °C (lanes 2–12).
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CP ratio 9:1 but not at 1:9. The preference of CP incorporation into
rods rather than spherical particles was also observed, resulting in the
yield of rod-like particles more than ﬁve times higher than that of the
spherical capsids for the molar ratios of fr to GA CP of 7:3 and 6:4 (Fig.
3C). Furthermore, at these ratios very long rods, exceeding 1 μm in
length, could be observed in EM.
Characterization of particles reassembled from GA and fr CPs
We next examined whether the spherical particles obtained in the
reassembly reactions of fr and GA coat proteins were composed of
both CPs, or whether they were simply a mixture of homogeneous
wild-type fr and GA capsids. For this, equal amounts of the puriﬁed
spherical capsids (estimated by optical density measurements) from
each reassembly mixture were loaded on an agarose gel, and their
electrophoretic mobility compared. As seen in Fig. 3D, the migration
rate of capsids was dependent on the ratio of CPs used in the
reassembly reaction, clearly indicating that they are mixed. Further-
more, no particles with the mobility of wild-type capsids could be
observed in any preparations. This clearly shows that fr and GA coat
protein dimers are fully interchangeable and are incorporated into
capsids proportionally to their concentration in the reaction mixture.
The rod-like and spherical particles puriﬁed by gel ﬁltration were
also analyzed by SDS-PAGE using known ratios of fr and GA CPs as
markers. As seen from the gel (Fig. 3E), the coat protein composition
of the spherical capsids is in good agreement with CPs mixed in ratios
as used for the particular reassembly reactions. The CP content of rods,
however, was somewhat less sensitive to the protein input ratio. For
instance, at fr to GA CP ratio of 9:1, there was more GA CP in rod-like
particles compared to both the mixed capsids and the respective
marker. From these results, it appears that the incorporation of coat
proteins into rod-like particles is favored over their inclusion into
mixed spherical particles, and therefore the CP proportion in rods may
differ from that initially supplied in the reaction mixture.
Although both the mixed capsids and rod-like particles contain
RNA, when analyzed spectrophotometrically, the rod preparations had
A260/A280 ratio of about 1.6 while for capsids the ratio reached 1.75.
This indicates that in the rod-like particles, the RNA:protein ratio is
slightly lower than in the capsids.
Production of mixed particles in vivo
To determine whether production of rod-like particles and mixed
spherical particles can also occur in vivo, fr and GA CP genes were co-
expressed from a plasmid pGAfr encoding both genes in a bicistronic
construct in E. coli. In the transformed cells, high expression of both
coat proteins was detected and investigation of cell lysates in EM
revealed both spherical and rod-like particles (Fig. 1C). For puriﬁca-
tion purposes, cells were disrupted with lysozyme, since ultrasonica-
tion seemed to break down the rods (data not shown). In contrast to
rods, which easily broke down, the spherical particles could besuccessfully puriﬁed and both the coat protein content in PAAG and
electrophoretic mobility of puriﬁed capsids in agarose gel clearly
demonstrated that they consist of a mixture of fr and GA coat proteins.
Compared to the in vitro reconstructed capsids, the in vivo ones
appeared to have a broader CP ratio distribution, containing about 50%
to 70% GA CP (Fig. 3D).
Yet another attempt to produce mixed particles in vivo was made
by infecting E. coli cells simultaneously with fr and GA phages. Five
variants were tested with fr and GA phages in multiplicities of 18:2,
15:5, 10:10, 5:15, and 2:18 per cell, respectively. Electrophoresis of
phage lysates in agarose gel revealed bands corresponding to fr and
GA phages only, and no mixed particles could be detected (Fig. 4).
Examination of the lysates under EM revealed spherical particles of
normal size, while no rod-like particles were found in any of the
preparations. When we repeated the above experiment with fr and
MS2, at several multiplicities diffuse bands with electrophoretic
mobility intermediate to that of fr and MS2 could be observed in the
gel (Fig. 4). This indicated the formation of phages with mixed capsids
containing both fr and MS2 CPs.
Thermal stability of the mixed particles
Another method of characterizing particles is to measure their
thermal stability, a technique often used to study the properties of
capsids formed by coat protein mutants (Ashcroft et al., 2005; Axblom
et al., 1998; Lago et al., 1998; Stonehouse and Stockley, 1993). The
stability of particles at a given temperaturewas determined in agarose
gel electrophoresis by the detection of intact particles through
staining of their nucleic acid content. Wild-type recombinant fr and
GA capsids were completely decomposed at 68° and 70 °C, respec-
tively, while the in vivo produced mixed capsids were disrupted at 60°
(Fig. 5A). The in vitro reconstructed fr and GA particles were slightly
less stable and were destroyed between 64° and 66 °C, whereas the
reassembled mixed capsids having either 10% or 70% GA CP content
were completely broken down at 58 °C (data not shown). The lower
thermal stability indicates that some interactions between fr and GA
dimers in the mixed capsids are unfavorable or lacking. The rod-like
particles displayed a broad melting-transition (Fig. 5B), however,
examination in EM revealed that they are disrupted between 44 ° and
47 °C (data not shown). From two variants tested, the thermal stability
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reconstruction mixtures from which they were produced.
Modeling of the mixed capsids
To evaluate the differences between a mixed capsid and a wild-
type particle from the theoretical aspect, we modeled the potential
interactions between fr and GA coat protein molecules in the mixed
spherical particles by interchanging in silico the AB or CC dimers
between the capsid models. In the modeled particles, the coat protein
dimers ﬁt very well in each others' sites and no clashes are found. The
most illustrative example of where residues in the mixed capsids are
signiﬁcantly closer than in their wild-type counterparts is the quasi-
threefold axis, in which the N- and C-termini of subunits come into
close proximity. When aligning fr and GA coat proteins, fr CP has an
extra residue at its N-terminus, whereas in GA it has been displaced to
the C-terminus. In a mixed capsid, there could be a potential collision
between the Ala1 of fr C subunit and the Ala130 of the GA B subunit.
However, we have proved that this is unlikely to cause any problems,
since a constructed fr CP mutant having an extra alanine residue at its
C-terminus assembles into normal capsids (data not shown). Since the
FG loops have been shown earlier to be important in capsid assembly
(Ashcroft et al., 2005; Peabody and Ely, 1992; Pushko et al., 1993;
Stockley et al., 1993), we examined more closely the inter-dimer
contacts around the ﬁvefold and threefold axes. The interactions
between NZ of Lys66 and O 73 in two contiguous B monomers, which
govern contacts around ﬁvefold axes, are found in both fr and GA
capsids and seem to be conserved also in the mixed particles. The
contacts around the threefold axes are governed by six FG loops from
three A and three C subunits in alternating order (Figs. 6A, B). The
interactions between them, which involve only main-chain atoms inFig. 6. Comparison of inter-dimer interactions around the threefold axis in wild-type fr and G
are compared to those built from fr AB+GACC dimers (C) and GA AB+fr CC dimers (D). For
published GA structure. For clarity, the FG loops are shown looking from inside the capsid;
numbering of residues is after fr, the letter following the residue name designates the sububoth fr and GA, appear to be preserved also in the mixed particles.
However, the nitrogen and oxygen atoms in the side chain of Asn73,
which in wild-type GA capsids do not participate in inter-dimer
interactions, in the mixed particles can possibly form polar contacts
with fr coat protein (Figs. 6C, D).
Mixed particles formed by FG loop mutants
Since our models of the mixed capsids suggested possible novel
interactions around the threefold axes, we constructed coat protein
mutants in the FG loop to see if this has any effect on the assembly of
themixed particles.When the amino acid sequence in the FG loop of fr
coat protein was exchanged to that of GA, the resulting protein (fr-
FGGA) failed to assemble into capsids, however, GA coat protein with
the FG loop from fr (GA-FGfr) retained the ability to form normal
spherical particles. We proceeded to co-express each of the loop
mutants together with wild-type fr or GA coat proteins. Examination
of the lysates under EM revealed morphologically normal spherical
capsids, while the formation of rod-like particles was not observed in
any of the preparations. In both cases where fr coat protein was co-
expressed with GA-FGfr and GA CP together with fr-FGGA, the
resulting capsids had electrophoretic mobility intermediate to that
of wild-type fr and GA (data not shown), indicating that the capsids
contain both coat proteins.
Discussion
All native phages belonging to the Leviviridae family have
icosahedral capsids of T=3 quasi-equivalent symmetry. In this work
we have shown that coat proteins from group I and II RNA phages can
co-assemble into tubular structures that have not been observed inA capsids and the modeled mixed particles. Wild-type fr (A) and GA (B) capsid models
a better ﬁt, themodels have interchanged OD1 and ND2 atoms in Asn73 compared to the
residues not involved in contacts are hidden. The interacting atoms are indicated. The
nit. In all images, fr coat protein molecules are shown in blue and GA in green.
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the existing knowledge that some viral coat proteins are not restricted
to assemble merely into “normal” quasi-equivalent icosahedral
capsids. In the theory of quasi-equivalence, ﬁrst proposed by Caspar
and Klug (1962), viral capsids are described as composed of
pentamers and hexamers of coat protein subunits. The subunits,
though chemically identical, can take different conformations, allow-
ing the same molecule to form both hexameric and pentameric
interactions. The relative stabilities of the hexagonal and pentagonal
units are crucial for proper assembly of quasi-equivalent capsids,
while destabilization of this equilibrium can lead to appearance of
different morphological forms. For instance, in alfalfa mosaic virus,
hexamers are over-stabilized and are the dominant morphological
units (Johnson and Speir, 1997). The hexamers arrange in a tubular
lattice closed with icosahedral caps on both ends, resulting in
bacilliform particles with lengths proportional to the size of the
encapsidated RNA (Hull, 1970). Also, the coat protein of cowpea
chlorotic mottle virus, which normally gives rise to T=3 icosahedral
capsids, can assemble, under certain conditions (pH, ionic strength,
presence of divalent cations and ssRNA), into a wide variety of
morphological forms, including T=1 and T=3 spheres, double shells,
narrow and wide tubes, laminar and plate forms and others (Bancroft,
1970; Johnson and Speir, 1997).
It has previously been observed that a modiﬁed Qβ coat protein
assembles in vivo into rod-like particles, morphologically very similar
to those we describe here (Cielens et al., 2000), however, a
homogeneous rod preparation was not isolated. The modiﬁcation
was at the FG loop, where ﬁve amino acid residues from the FG loop of
Qβ CP were replaced by a corresponding sequence from the FG loop of
MS2. There again, the balance between the interactions at the
threefold and ﬁvefold axes has likely been perturbed, resulting in
subunits arranged in a hexagonal cylindrical lattice.
The importance of FG loops for correct assembly of RNA phage
capsids is illustrated by the fact that a number of MS2 and fr coat
protein mutants in the FG loop fail to assemble into capsids (Ashcroft
et al., 2005; Peabody and Ely, 1992; Pushko et al., 1993; Stockley et al.,
1993). However, fr coat protein with a four residue deletion in the FG
loop retained the ability to form normal spherical particles, though
with a dramatically reduced thermal stability (Axblom et al., 1998). In
this work, we have shown that both mixed capsids and rod-like
particles are produced when fr and GA coat proteins are co-expressed
from a plasmid. However, when one of the proteins in the co-
expression system had a mutated FG loop so that these loops in both
proteins are identical, the formation of rod-like particles was
abolished while the assembly of mixed spherical capsids remained
unaffected. This suggests that in themixture of fr and GA coat proteins,
the formation of the tubular structures is caused in some way by
interactions involving the FG loops. On the other hand, co-expression
of wild-type and FG loop-exchangedmutant CPs from the same phage
did not result in the formation of rods. Therefore it seems that besides
the differences in FG loops, there are still other features of the two coat
proteins that are necessary for them to assemble into the tubular
structures.
It has recently been proposed that the binding of a coat protein
dimer to RNA stabilizes the asymmetric AB conformation of the dimer
(Stockley et al., 2007). The presence of RNA is also necessary for the
assembly of rod-like particles, however, since there are no pentamers
of dimers in the tubes, the FG loops in the rods are supposedly in a CC-
like conformation. Possibly some interactions between fr and GA
dimers cause the loops to prefer this particular conformation. The
study of Stockley et al. (2007) further suggested that a hexamer of
dimers is the key intermediate in the capsid assembly. Our model of
the mixed particles predicts formation of novel contacts around the
threefold axis (Figs. 6C, D), which could lead to stabilization of the
proposed hexamers of dimers. As a result, the normal equilibrium
between the hexameric intermediates and free dimers would bedisturbed and result in an excess of the hexameric units which could
then assemble into rod-like particles.
It is interesting to note that many of the rods observed in EM are
capped at one or both ends. These caps are possibly formed when
some elements of nascent spherical capsids are incorporated into the
cylindrical lattice; as a result, curvature appears leading to formation
of a cap that closes the tube. The ends of rods are not always fully
closed, as caps attached to only one side of the tube and rods with
open ends can be seen in the EM images (Fig. 1D), but it is not clear at
this stagewhether this is a result of the EM sample preparation or is an
intrinsic property of the rods.
Up to the present, there have only been a few reports of particles
consisting of different RNA phage coat proteins. The coat proteins of
two group I phages fr and R17 were shown to form mixed capsids in
vitro (Wu et al., 1988). Since the R17 and MS2 coat proteins differ in
only three amino acid residues, our reassembly experiment usingMS2
and fr CPs essentially replicated these ﬁndings. Considering the high
homology between phage coat proteins within one group, their
capability of assembling into a mixed particle is well explained.
Unlike levivirus capsids, where only non-covalent interactions
between subunits are found, Qβ coat proteins form disulﬁde bridges
between FG loops at both ﬁvefold and threefold axes (Golmohammadi
et al., 1996). Additionally, the Qβ particle is slightly bigger than
levivirus capsids. Considering this and the fact that there is only one
conserved polar inter-dimer contact between Qβ and fr, as opposed to
ﬁve between fr and GA and 16 between fr andMS2 (Tars et al., 1997), it
was unsurprising that fr and Qβ coat proteins in mixture gave rise to
homogeneous Qβ and fr VLPs only. Also, in a similar experiment it has
been demonstrated that MS2 and Qβ coat proteins do not assemble in
mixed capsids in vitro (Ling et al., 1969). Qβ coat protein can, however,
form mixed capsids together with the read-through protein of group
IV phage SP (Priano et al., 1995), a C-terminally prolonged version of
the coat protein.
It has been shown that only closely related RNA phages can form
hybrid particles in mixed infections. Miyake and Shiba (1971) have
demonstrated that co-infection of two group IV phages, FI and SP,
results in both phenotypically mixed (mixed coat) and genomically
masked (capsids of one phage containing the genome of the other)
particles. The amino acid sequences of FI and SP coat proteins differ by
12 residues, resulting in an identity of 91%, whereas fr and MS2 coat
proteins have 17 amino acid substitutions, rendering them somewhat
less related than the SP and FI CPs. Our ﬁnding that the co-infection of
fr and MS2 also leads to the formation of mixed phages brings further
evidence that RNA phages within one group can form hybrid particles
in mixed infections. This is however not the case for more distantly
related phages, as demonstrated by the mixed infection of the distinct
MS2 and Qβ (Ling et al., 1970). Although both phages were able to
infect the same bacterial cell as shown by single-cell burst experi-
ments, this led to independent assembly of authentic MS2 and Qβ
virions only. In this work, we have demonstrated that the mixed
particles from fr and GA coat proteins can be produced in vivo by
expressing both coat proteins from a plasmid, however, co-infection of
fr and GA phages leads to progeny of authentic phages only. Although
we had no direct evidence that both phages propagate in the same
bacterial cell, this would seem very likely considering the multi-
plicities of infections used and the fact that under the same conditions
fr and MS2 were indeed replicating in the same bacterial cell, since
otherwise formation of mixed MS2 and fr virions would be prevented.
Our ﬁndings could therefore imply that the assembly pathway of
RNA phage capsids during the viral infection is different from that of
recombinant VLPs or in vitro capsid reconstructions. The discrepancy
is possibly explained by the presence of phage RNA in the infected cell,
which contains a 20 nt long translational operator sequence at the
start of the replicase gene. The operator folds into a stem–loop
structure which speciﬁcally recognizes the coat protein and is known
to lower the CP concentration requirements for capsid assembly
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RNA of the phage plays an active role in the assembly pathway of a
capsid (Stockley et al., 2005), and if this is indeed the case, a possibility
exists that the RNA also drives selective incorporation of either fr or
GA CPs into their respective nascent particles. Finally, native phages
contain one copy of maturation protein that early in the phage
assembly process binds to the 5′ and 3′ ends of the genomic RNA
(Kaerner, 1970; Shiba and Suzuki, 1981) and is absent from
recombinant and in vitro assembled particles. Accordingly, it could
be the maturation protein that causes the segregation of coat proteins
into respective phage capsids in the mixed infection model.
In conclusion, we have shown in this work that new rod-like
structures can be obtained by reassembling mixtures of coat protein
subunits from group I and group II RNA phages. This adds a new layer
of structural diversity to a class of phages with an otherwise very
conserved icosahedral structure with T=3 symmetry. Further studies
on the structure of these rod-like particles have the potential to
provide useful information on the energetic and structural constraints
governing the assembly of T=3 icosahedral RNA phage capsids.
Materials and methods
Plasmids and expression
Genomic RNA of the GA bacteriophage was phenol-extracted from
wild-type GA particles. cDNA of the coat protein gene was obtained by
RT-PCR and cloned into a modiﬁed pGEM-1 (Promega) vector under
the tryptophan promoter, producing the pGACP plasmid. To construct
the pGAfr plasmid, fr coat protein sequence was ampliﬁed from
plasmid pFRd8 (Pushko et al., 1993) using primers that introduced
another SD sequence in the 5′ end of the fragment which was then
cloned into pGACP downstream the GA CP gene. The gene for fr-FGGA,
which encodes fr coat proteinwith the amino acid sequence VATQVQG
in the FG loop replaced to that of GA (IVTQVVN), was constructed in
two-step PCR. In the ﬁrst step, oligonucleotide-directed mutagenesis
was used to amplify C- and N-terminal parts of the CP sequence that
overlap in the mutated FG loop region. The products of the ﬁrst PCRs
together with C- and N-terminal primers were used in the second
reaction to obtain the full-length mutant gene. The gene for GA-FGfr
(FG loop IVTQVVN → VATQVQG) was constructed in an analogous
way. A similar two-step PCR approachwas used to construct bicistronic
DNA fragments containing wild-type and mutant coat protein genes.
All fragments were cloned into the pGEM-1-derived vector under the
tryptophan promoter. For production of coat proteins, E. coli JM109
cells harboring the appropriate constructed plasmids were grown
overnight in M9 medium supplemented with 10 g/l casamino acids
(Difco). fr coat proteinwas expressed fromplasmid pFRd8 andQβ coat
protein from pQβ10 (Kozlovska et al., 1993).
Puriﬁcation of recombinant particles
To purify recombinant wild-type capsids, lysates were prepared by
ultrasonication of cells suspended in a lysis buffer containing 50 mM
Tris–HCl, pH 8.0, 5 mM EDTA, 0.1% Triton X100 and 5 μg/ml
phenylmethylsulphonyl ﬂuoride. After centrifugation the lysates
were loaded onto a Sepharose CL-4B column, the fractions containing
capsids were pooled and loaded onto a Sepharose 2B column. To
purify mixed particles produced from pGAfr, cells were disruptedwith
lysozyme, cell debris removed by centrifugation at 18,500 g and the
lysates loaded onto a Sepharose 4B column. Fractions containing
spherical particles were pooled and re-puriﬁed on the same column.
After elution, appropriate fractions were concentrated using centri-
fugal ultraﬁltration tubes (Millipore) and fractionated in a CsCl
density gradient where the particles formed a distinct band. All
puriﬁcation procedures were performed in TEN buffer (20 mM Tris–
HCl, pH 7.8, 5 mM EDTA, 150 mM NaCl).Preparation of coat protein dimers and rRNA
Lyophilized capsids were dissociated in 7 M urea (fr or GA) or in
6 M guanidine hydrochloride (Qβ). Coat protein was separated from
nucleic acids by ammonium sulfate precipitation, followed by ion-
exchange chromatography on DEAE-cellulose and gel ﬁltration on
Sephadex G150. MS2 coat protein initially prepared using the acetic
acid method (Sugiyama et al., 1967) was a gift from Dr. A. Tsimanis.
The absence of nucleic acids in the preparations was assured by OD
ratio A260/A280 being below 0.6. E. coli total rRNA was extracted as
described (Renhofa et al., 1972).
To estimate the molecular weight of coat protein used in capsid
reassembly experiments, egg-white lysozyme (14.3 kDa), human
serum albumin (69 kDa) and coat proteinwere mixed and loaded on a
Sephadex G150 column under denaturating conditions (7 M urea,
10 mM dithiothreitol, pH 8.2). Fraction analysis in PAAG conﬁrmed
that CP is eluted between lysozyme and albumin in the molecular
weight range corresponding to dimer.
In vitro assembly of capsids
The quantities of both E. coli total rRNA and coat proteins were
estimated by optical density measurements. E. coli total rRNA was
quantiﬁed given that 1 U A260 corresponds to 50 μg/ml of RNA. Coat
protein molar extinction coefﬁcients at 280 nm were calculated from
their amino acid sequences using Vector NTI Suite 10 (Invitrogen)
and were 17,780 M−1 cm−1 for GA CP, 16,740 M−1 cm−1 for MS2 and
fr CP and 5360 M−1 cm−1 for Qβ CP, which, given the molecular
weight of each protein, resulted that 1 U A280 equals 0.82 mg/ml for
MS2 and fr CP, 0.76 mg/ml for GA CP and 2.63 mg/ml for Qβ CP,
respectively.
Capsid reassembly was performed by mixing coat proteins in
molar ratios as indicated in the text and adding 0.4 mg of rRNA per
milligram of protein in the mixture. Mixtures were dialyzed against
TEN buffer for 3–4 days at 4 °C with a slow buffer exchange. After
the reconstruction, each reaction mixture was centrifuged for
10 min at 1200 g to sediment the insoluble material not incor-
porated into capsids; supernatant was then fractionated on a
Sepharose 4B column.
Phage co-infection
E. coli AB259 (Hfr3000 thi-) cells were grown in LB medium until a
density of 108 cells/ml was reached. CaCl2 was then added to ﬁnal
concentration of 2 mM and the culture was infected with wild-type fr,
MS2 and GA phages at various combinations and multiplicities (see
text) and incubated at 37 °C for 2 h. To complete cell lysis, chloroform
was added to the ﬁnal concentration of 0.5% and incubated for 15
more minutes. To remove cell debris, preparations were centrifuged
for 15 min at 18,500 g.
Determination of thermal stability
In this work we deﬁned the thermal stability arbitrarily as the
temperature at which the capsids were completely disintegrated
within 15 min. Aliquots of capsids in TEN buffer were prepared at
room temperature, heated for 15 min at selected temperatures and
then immediately cooled to 4 °C. The presence or absence of capsids in
the cooled samples was determined by agarose gel electrophoresis.
Electrophoresis
Agarose gel electrophoresis was performed in a 1% gel in TAE buffer
(pH 7.8). Particles were visualized by ethidium bromide staining of
their nucleic acid content. SDS-PAGE was run with a gradient 12–18%
for running gel and 4% for stacking gel.
194 J. Rumnieks et al. / Virology 391 (2009) 187–194Electron microscopy
Preparations were stained in 2% aqueous phosphotungstic acid or
in 2% aqueous uranyl acetate. The grids were examined with a JEM
100C electron microscope operated at 80 kV.
Computer modeling
fr and GA wild-type capsid models were generated by VIPERdb
oligomer generator (Shepherd et al., 2006) using PDB IDs 1frs and
1gav, respectively. The mixed capsids were modeled by substituting
either AB or CC dimer molecular coordinates to those of the other
capsid. The models were visualized and analyzed in programs
RasMol (Sayle and Milner-White, 1995) and Chimera (Pettersen
et al., 2004).
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